Abstract Primary malignant spinal tumors and solitary vertebral metastases of selected tumor entities in the thoracolumbar spine are indications for total en bloc spondylectomy (TES). This study aimed to describe our oncological and surgical management and to analyze the treatment results by management with TES for extra-and intracompartmental solitary spinal metastases and primary malignant vertebral bone tumors. In 15 patients (3 malignant bone tumors and 12 solitary metastases), tumors were distributed in the thoracic (n = 8) and lumbar (n = 7) spine. Tumors were classified as intra-(n = 8) and extracompartmental (n = 7). All patients underwent TES via a laterally extended posterior approach followed by dorsoventral reconstruction. Function and quality of life were assessed by Oswestry disability index (ODI) and SF-36 score. At follow-up (100%; mean: 33 ± 22 months), 11 patients had no evidence of disease. Two patients were alive with the disease and two were dead of the disease (no primary bone tumors). Histology revealed negative margins (R0) in all patients with wide (n = 11) and marginal (n = 4) resections. Two patients developed pulmonal metastases of which they died at 4 and 16 months of survival. No local recurrence was observed. Major complications did not occur. TES resulted in an acceptable outcome in the quality of life and function. TES is a demanding procedure reaching wide to marginal resections in a curative approach. In conjunction with multimodal therapies, local recurrences can effectively be prevented while control of distant disease needs to be improved. Proper selection of adequate patients combined with careful surgical planning are prerequisites for low complication rates, acceptable function and improved overall prognosis.
Introduction
To date, it is generally accepted that wide surgical margins, in combination with multimodality therapy, represent an essential precondition for disease-free survival in patients suffering from primary and secondary malignant bone tumors. In comparison to the extremities, where improved reconstruction of neurovascular and soft tissue structures with vascular grafts, neural transplants and pedicled or free flaps regularly allow wide resections and increased limb salvage, the resection of malignant tumors of the spine is incomparably more difficult [3, 34] . The topographic vicinity of vital and central neurovascular structures, i.e., spinal cord, nerve roots, aorta, caval vein, etc., to the vertebral column profoundly complicate the achievement of wide resection margins for malignant vertebral tumors. Intraoperative tumor cell contamination may unavoidably occur in some cases and rare tumor entities exist in which marginal to intralesional resection does not necessarily lead to a palliative approach. Nevertheless, intralesional surgery predisposes the patient to local recurrences and poor prognosis. To reduce the surgery-induced tumor cell dissemination, decrease local recurrence rates and to improve survival times, different techniques [8, 15, 16, 20, 23, 25, 26, 32] for wide resections at the spine, involving either en bloc total [32] or hemilaminectomy [18] followed by en bloc corporectomy and dorso-ventral stabilization have been developed. In early 1980, Stener and Roy-Camille were the first to describe en bloc spondylectomy via a posterior approach after complete resection of the dorsal vertebral structures, i.e., both laminae, spinous process and parts of the pedicles, resulting in an oncological adequate resection for primary bone tumor locations not extending beyond the vertebral body [23, 26] . Based on these reports, several authors have begun to develop further techniques for en bloc vertebrectomy encompassing variable indications, approaches, stabilization techniques and yielding promising results in view of local control and overall prognosis [6, 20, 27, 32, 38] . Tomita et al. reported a technique with dorsal en bloc resection after transpedicular osteotomy followed by ventral vertebrectomy [32] . Significant progress in decision making for surgical therapy of spinal malignancies was made by the surgical classification for tumors of the spine described by Boriani et al. [8] . Depending on the stage, localization and extension of the tumor within the affected vertebra, the approach and mode of resection can be deduced. In addition, applying the oncological principles of muskuloskeletal surgery of the extremities to the spine, Tomita et al. have modified the surgical staging system of Enneking et al. [13] and developed a surgical classification of vertebral tumors, considering tumors strictly located in the vertebral body, pedicle or laminae as intra-, and malignancies spreading beyond the vertebral cortex into the spinal canal (epidural space), paraspinal area or disk space as extracompartmental [32] . While wide resections for tumor not penetrating the cortex of the vertebra are definitely feasible, attainment of wide resection margins for extracompartmentally located spinal tumors is profoundly complicated and may require additional resection of adjacent tissue layers functioning as a biological border for invading tumor cells. Furthermore, as described by Krepler et al., extracompartmental tumor growth into the spinal canal with invasion of the dura can necessitate en bloc spondylectomy with dura resection and replacement, again underscoring the essential importance of wide margins in the surgical treatment of malignant spinal bone tumors [19] . However, extracompartmental tumor growth with circumferential dura invasion or anterior invasion around major vascular structures does not allow for wide resection, but verges on the limits of what is surgically feasible and oncologically useful.
Based upon these reports, the aim of the current study was to present our results of total en bloc spondylectomy (TES) for patients with solitary spinal metastasis and primary malignant vertebral tumors.
Methods
In a 6-year period, 15 Patients (eight males, seven females; mean age: 46.6 ± 20 years, range: 5-72) underwent TES by one surgical team. Three patients suffering from primary malignant tumors and 12 patients with solitary vertebral metastases were included. No patients with recurrent or residual disease were investigated. Tumors were equally distributed in the thoracic (n = 8) and lumbar (n = 7) spine. According to the surgical classification of vertebral tumors [32, 34] , the anatomic sites of eight tumors were considered as intra-and of seven tumors as extracompartmental. Five patients were treated with surgical treatment alone and another ten patients underwent neoadjuvant or adjuvant postoperative therapy, i.e., systemic polychemotherapy and/or radiation therapy (Table 1) . Two patients (no. 1 and 3) with a primary malignant vertebral tumor became symptomatic with progressive paraplegic symptoms (Table 1) . Thus, an intralesional emergency laminectomy for decompression was performed as the primary operative procedure. In all other patients, diagnosis was secured by CT-assisted transpedicular biopsy. One patient suffering from post chemotherapy residual tumor mass in the Th10 vertebral body was included due to vital tumor cells in the CT-guided biopsy, elevating HCG-levels and positive PET scan [4, 17] . Apart from conventional radiographs in two planes for surgical planning of preoperative staging, CT-scans of the chest, abdomen and the spine levels affected by and neighboring to the tumor lesion were included. In addition, a technetium bone scintigraphy was performed in all patients for the assessment of secondary lesions. Furthermore, in patients displaying extracompartmental tumor location [32, 34] , an additional MRI scan of the affected spine levels was performed. All patients were evaluated using the revised scoring system of metastatic spine tumor prognosis, according to Tokuhashi et al. [30] .
Surgical procedure
Under general anesthesia, eight patients were placed on the side and seven patients in a prone position. After a dorsomedian skin incision, the paraspinal muscles were detached from the spinous processes and the laminae as well as the facet joints; however, in cases with extracompartmental tumor manifestation/ extension overlying soft tissue layers were left untouched. In 11 patients, the dorsal approach was extended laterally to the side unaffected by the tumor. In two patients (no. 10 and 11), a dorsal lumbar approach and instrumentation was combined by ventral retroperitoneal approach and subsequent resection and stabilization. In the thoracic spine, the dorsal parts of ribs adjacent to the costotransverse joint were resected in order to reach access to the ventral aspect of the affected vertebrae. En bloc laminectomy was performed when tumor growth did not extend into the laminae, as judged from coronar MRI-/CT scans. In case of tumor invasion in either one of the laminae, hemilaminectomy of the unaffected side was performed. Open, cut cross sections and bone surfaces were immediately sealed with bone wax. Intervertebral dissection of the neighboring disk spaces and of the posterior and partially anterior longitudinal ligaments was performed carefully with a specific chisel-like dissector and rongeur. The resection of the anterior column of the affected vertebrae was preceded by gentle and blunt dissection in the interface between the anterior aspect of the vertebral body and the pleura, aorta as well as the iliopsoas muscle in the thoracic and lumbar spine, respectively. In the thoracic spine, the nerve roots were transected if root infiltration by the extracompartmental tumor was present. Intraoperatively, multiple frozen specimens were sent for histopathological evaluation to exclude tumor infiltration and to determine the status of resection margins (wide, marginal or intralesional). Before segmental resection of the vertebral body was completed, unilateral posterior instrumentation (CT-based navigation of pedicle screws) was performed in order to achieve stability of the spine. After gentle dissection of the spinal cord from the surrounding epidural venous plexus and the ligamentous tissue in the spinal canal using a thin nerve dissector, the entire vertebra was mobilized step-by-step followed by meticulous bipolar coagulation of bleeding branches of the venous plexus. Finally, the vertebra was rotated along its longitudinal axis in a direction opposite to the unilateral instrumentation without compression or injury of the spinal cord, leading to a circumferential decompression of the spinal cord and a segmental total en bloc vertebrectomy (Fig. 1) .
Reconstruction of the spine was performed by completion of the posterior instrumentation, two or one level (if one vertebra was resected) below and above the spondylectomy in the thoracic and lumbar spine, respectively. Anterior stabilization was carried out using expandable cages filled with and surrounded by cancellous bone graft or bone substitutes as well as an additional ventral angular stable plate system between the neighboring healthy vertebrae.
Postoperative management was characterized by wound drainage for 3-5 days. Patients were mobilized after 1 week and were instructed to wear a thoracolumbar corset for 2-3 months if tumor resection of the lumbar spine had been performed.
Histological assessment and surgical classification
All resected specimens were analyzed histologically in order to determine the surgical margins. Tumor extension was assessed as either intra-or extracompartmental according to the classification by Tomita et al. [32, 34] . The resection was classified as wide when the distance between tumor tissue and excision margin was oncologically sufficient and/or an intact anatomical barrier (e.g., compartmental cortical wall of the vertebra) was present. The surgical margin was defined as intralesional if visible tumor tissue was present, the tumor was cut through during the operation or the excision margins were positive at the microscopic level. If the margin was less than wide, but more than intralesional (thin tumor-free tissue layer or capsule), the resection status was classified as marginal [29] .
Follow-up All patients were followed routinely by bidimensional X-ray and CT-scan of the thoracic or lumbar spine and chest as well as bone scintigraphy (radionuclid imaging, technetium bone scan) during two postoperative years every 3 months, followed by 6-month intervals during the later course.
Oncological outcome
Local recurrence-free survival, distant relapse-free survivals and disease-specific overall survival were assessed using the SPSS program (MicroSoft Windows release 6.1; SPSS Inc., Chicago, IL, USA). Survival data were collected from the start of operative treatment.
Functional outcome and quality of life assessment Examinations at follow-up included subjective and objective measures using the Oswestry-Disability Index [14] , ranging from 0 to maximum 100 (effect units). Postoperative quality of life was assessed by the validated psychometric questionnaire SF-36, which is based on the American short-form-36 health survey [36, 37] and has been psychometrically validated [1, 5, 10] . As the SF-36 score considers 36 items in eight different scales of subjective physical and mental health as well as social and emotional aspects, it is generally considered to reliably assess disease-related quality of life. The results for SF-36 of patients following en bloc spondylectomy were compared to established baseline values for normal (healthy) Ger- man population [9, 10] and patients with chronic back pain [9] . To assess the correlation between functional outcome (ODI) and disease-related quality of life (SF-36), linear regression analysis was used.
Results

Tumor characteristics and pathological findings
Histological diagnosis of the primary spinal bone tumors (localized disease, no distant or regional metastatic lesions) in three patients identified one osteosarcoma (Th 1), one malignant fibrous histiocytoma (Th 2/3) and one pleomorphous sarcoma (Th 9/10/11). Primary tumors of the 12 patients with solitary spinal metastases included three breast cancer, four hypernephroma (renal cell cancer), two leiomyosarcoma, one malignant schwannoma, one teratoma and one seminoma. Despite this heterogeneity in terms of underlying histopathological primary tumor type (six different histologies in 12 patients), pretreatment evaluation using the revised Tokuhashi-score revealed a score range between 11 and 15 in all patients, thus predicting a 1-year survival period in more than 95% and suggesting excisional surgery [30, 31] . All patients with primary bone tumors of the spine were preoperatively treated according to established neoadjuvant polychemotherapy protocols. Furthermore, one patient with primary osteosarcoma of Th 1 was additionally pretreated with radiotherapy. Patient demographics, tumor characteristics, previous therapy, follow-up results and current oncological status are shown in Table 1 .
Mortality and morbidity
The mean duration of the operation was 9.2 ± 3.1 h (range 5.3-16.4). The mean amount of transfused blood substitutes for erythrocyte concentrate units was 15.7 ± 14.1 (range 2-52) and 20 ± 15.3 (range 3-56) for fresh frozen plasma units. The mean arterial concentration of hemoglobin at the beginning of the operation (g/ dl) was 11.4 ± 2.3 (range 7.9-15.4) and 8.8 ± 2.2 (range 5.0-12.7) at the end of the operation. Patients were treated in a intensive care unit for a mean postoperative duration of 4 ± 2 days (range 2-8). None of the patients died in the direct postoperative period. One patient (no. 6) developed a deep infection on day 8 postoperatively, which subsided following twice-repeated revisions, debridement and wound drainage. Another patient (no. 13) required one revision surgery for treating superficial wound healing disturbances with a final uneventful course. In patient 7 (a 5-year-old child), increasing skeletal and spinal growth led to progressive kyphosis of the lumbar spine, which necessitated a corrective surgical procedure with complete implant removal, exchange of the expandable vertebral replacement cage and new positioning of the dorsal instrumentation. Patient no. 3 developed temporary postoperative neurological deterioration with hypesthesia and slight reduction in motor strength of the finger flexion muscles (Dig IV and V) of the right hand (C8 nerve root), becoming asymptomatic over a 6-week period.
Overall and disease-free survival All patients with primary bone tumors were free of recurrence and have currently no evidence of disease 39-52 months after surgery with a mean follow-up of 47.7 ± 7.0 months. Mean survival time for patients with solitary metastases was 29.0 ± 23.1 months (range: 2-75). Two patients with initially solitary metastasic lesion of the lumbar and thoracic spine developed progressive pulmonal metastatic disease, 2 and 12 months after surgery, of which they died 4 and 16 months postoperatively. The overall mean survival of all patients was 32.7 ± 22.0 (range: 2-75, 95% confidence intervals 19-39 months). See Table 1 .
Local Tumor recurrence
At the time of the last follow-up, none of the patients with primary bone tumors or solitary spinal metastatic lesions developed local tumor recurrence 2-75 months after surgery.
Distant metastases
Eleven patients are currently free from distant metastases 2-75 months after surgery. Four patients who underwent en bloc spondylectomy for solitary metastases (two renal cell carcinoma, one breast cancer, one leiomyosarcoma) developed lung metastases. Two of these patients died of systemic metastatic disease (lung and brain) 4 and 16 months after surgery, whereas the other two patients are currently alive with disease ( Table 1 ). The mean survival time, free from distant metastases in these four patients is 5.3 ± 4.5 months (range: 2-12). The three patients with primary bone tumors are free from distant metastases.
Functional outcome
Evaluation of the subjective impairment of function using the Oswestry-low-back-pain-disability question-naire [14] resulted in mean ODI values of 17.8 ± 16.5% (range 6-48, 95% confidence interval 9-45). Disease-related quality of life, as assessed by the validated psychometric questionnaire SF-36 [37] , was found to be decreased for all individual scales, mostly pronounced for physical scales, when compared to German normal population, but markedly exceeded values for chronic back pain patients (Fig. 2 ). An inverse correlative relationship between functional outcome (ODI) and disease-related quality of life (SF-36 score) was found (Fig. 3) .
Discussion
En bloc resection in patients with primary malignant tumors and solitary metastasis of the spine is now attracting major interest, as its outcome increasingly seems to be superior to piecemeal resection. Direct support for this notion has initially come from en bloc resections of primary spinal neoplasms and vertebral bone tumors. Notably, Boriani et al. compared surgical results of intralesional curettage and en bloc spondylectomy for chondrosarcoma of the spine in 10 and 12 patients, respectively [7] . The authors were able to demonstrate that after more than 5 years follow-up, only 3 of 12 patients developed local relapse after TES; while after curettage, all of the 10 patients suffered from at least one local recurrence and 80% of the patients died of disease. Interpretation of these striking differences included less violation of the tumor border, minimized tumor cell contamination and decreased tumor tissue derived blood loss. Application of these principles on solitary spinal metastatic disease have reinforced the concept of aggressive surgical treatment in selected patients, with biologically favorable cancers, who have the potential of long-term survival [3, 28, 39] . Despite conclusive evidence for significantly improved survival is missing to date, Sundaresan et al. have shown that among 80 patients with solitary spinal metastases who underwent gross resection of tumor by various techniques, the rate of locoregional recurrences for the entire series was 32%, whereas only 17% of the patients who underwent en bloc resection experienced local recurrence [28] . The authors of this study furthermore demonstrated median survival time after en bloc spondylectomy of more than 30 months and nearly 20% surviving more than 5 years. These findings underscore the results reported by Tomita et al. who demonstrated median survival times in patients after en bloc resection of 38 months [33] [34] [35] .
Based on these promising results, Tomita et al. were the first to extend the surgical oncological concept of en bloc spondylectomy also to the treatment strategy of solitary spinal metastases of selected patients with specific tumor entities [33] [34] [35] . According to these studies, there is general consensus that indication for en bloc spondylectomy requires careful patient selection for which the following criteria might be helpful: (1) no underlying tumor type, which is considered to be a systemic disease, (2) tumor types that are known to be biologically favorable and to have a prolonged course (e.g., renal cell or mamma carcinoma), (3) radical treatment of the original/primary tumor, (4) long period between treatment of primary tumor and diagnosis of solitary metastatic disease, and (5) cation of isolated/solitary metastatic disease in CT scans, bone scan and/or PET. In particular, for breast carcinoma patients, advances in the multidisciplinary approach to treatment, i.e., chemo/hormonal therapy and radiation, have enabled clinicians to improve outcomes [11] . Nevertheless, TES is reported to additionally improve local control and long-term outcome in patients who otherwise were treated with palliative excision surgery or radiochemotherapy [34] . Furthermore, Tomita et al. have developed a prognostic scoring system for spinal metastases [33] [34] [35] by revealing a relationship between grades of malignancy and the extent of visceral and further bone metastases on the one hand and long-term local controls as well as disease-free survival on the other. Based on the prognostic score and expected survival periods, treatment goals could be defined and the appropriate oncological surgical strategy, ranging from simple spinal cord decompression to en bloc spondylectomy, can be selected. In this context, Sakaura et al. reported on the outcome of TES for solitary metastasis of the thoracolumbar spine with a local recurrence in two patients, 23 and 25 months after surgery, and dead of disease in 5 of 12 patients [24] . These reports are partly consistent with our results showing no local tumor relapse and dead of disease after a mean survival of 10 months in 2 of 12 patients. Based on the observation that local recurrence of solitary metastases occurred in cases of extracompartimental extension, Sakaura et al. proposed that TES should be limited to intracompartmental solitary lesions. Although in none of our patients with extracompartmental metastatic location local tumor relapse occurred, distant metastases developed in four patients (36%) with initially solitary metastatic lesions. Therefore, efforts must be undertaken to effectively improve postoperative control of distant disease.
We achieved ten wide and five marginal resections, i.e., negative margins (R0) in all patients. Nevertheless, postoperative radiotherapy was performed in five patients and chemotherapy in eight patients, who had either extracompartmental tumors or took part in adjuvant chemotherapy study protocols. At a mean follow-up of 32 months, we had no local recurrence. In the series by Abe et al., local recurrence was found in three cases with a mean follow-up of 38 months [2] . The low recurrence rate in our study, with no reoperation required for local relapse, may be due to both, the consequent multimodality treatment concept and the negative resection margins in all patients. Furthermore, according to our experience, postoperative radiation treatment of the spine shows a positive effect with negligible decrease in function and morbidity. Therefore, after complete wound healing, we included postoperative radiation in patients with marginal resections and when the potential for local recurrence was perceived to be increased.
Wound healing problems and one deep infection occurred in our patients requiring multiple surgeries. These complications were probably due to intensive soft tissue manipulation in order to reach mobility of the affected vertebra for passage of the myelon through the laminectomy gap. Additional causative factors may include long operation durations, marked blood loss and extended surgical approaches, sometimes necessitating a limited thoracotomy. From our experience, a detailed perioperative antibiotic scheme with repeated intraoperative administrations for prophylaxis of infection [22] , intra-and postoperative blood transfusions and intensive deep/superficial wound drainage kept for at least 3-5 days [12] for prevention of postoperative hematoma should be performed.
Apart from increasing lumbar kyphotic malalignment with subsequently resulting implant dislocation due to progressive skeletal growth in a child, we had no implant failure or secondary spinal instability in our patients. One favored hypothesis for this observation is the fact that we used a combination of an expandable vertebral replacement cage (filled with autologous bone graft or bone substitutes) and angular stable plate fixation for ventral spinal fusion of the resected vertebral levels in 9 of 15 patients in addition to dorsal stabilization. Expandable cages allow an exact intraoperative adaptation of the cage size on the extent of intervertebral resection, without injury to the endplates of adjacent vertebrae. In addition, cage expansion in situ allows easier cage positioning, increased intervertebral anchorage and enhanced pretension of the anterior column, thus enhanced spinal stability. Ventral stabilization was completed by autologous and homologous cancellous bone graft surrounding the cage and the use of an angular stable anterolateral plate stabilization with fixation of locking head screws in the neighboring vertebral bodies, additionally bridging and stabilizing the resection defect.
Most studies analyzing the results by management with en bloc spondylectomy focus on the oncological outcome without assessing postoperative function and quality of life. As measured by Oswestry-low-backpain-disability index and the SF-36 health survey, the present study shows that en bloc spondylectomy results in acceptable function as well as physical and mental health (Fig. 2) . Results of the validated psychometric questionnaire SF-36 demonstrate that in relation to the normal population, the impact of en bloc spondylectomy on physical components (physical function, role physical, body pain) is more pronounced than on mental scales (vitality, social functioning, role emotional, mental health), which have been nearly comparable to normative values. This notion is underscored by the inverse correlation between the ODI and SF-36 score (Fig. 3) of the surviving patients, indicating the causal role of physical dysfunction (increased ODI) for decreased SF-36 (reduced quality of life) after en bloc resections when compared to the normal population.
Conclusion
This study agrees with previous investigations [2, 6, 18, 21, 24, 32, 34, 38] supporting en bloc spondylectomy for treatment of primary malignant vertebral bone tumors and solitary spinal metastasis of certain tumor entities. En bloc spondylectomy followed by dorsoventral reconstruction allowed radical resections with negative margins in all patients. The present results of a very low local recurrence rate in all patients should be interpreted with caution, as some patients have a follow-up period of less than 18 months and no conclusions can be drawn for these patients in terms of long-term tumorfree survival. However, despite a mean follow-up time of only 33 months, heterogeneity of histological diagnoses and a relatively small number of patients in the current study, long-term local relapse-free survival could be achieved. While en bloc spondylectomy is a technically demanding and risky operation, it allows in attaining wide to marginal resections for primary tumors and solitary metastatic lesions of the spine. However, exact preoperative diagnostic imaging and planning has to precede a realistic evaluation if wide to marginal resections can be achieved in order to justify the risk for the patient. Furthermore, careful selection of patients, consideration of underlying tumor type and extensive experience in spine surgery and reconstruction are essential preconditions for low complication rates, acceptable function and increased overall outcome. Finally, despite excellent local control rates, the limitation for long-term disease-free survival in our patients is distant metastases. Consequently, systemic therapies need to be developed aimed at targeting pathways involved in postoperative metastatic spread and to modify them to impair disseminated tumor growth.
